The characterization of diversity in germplasm collection is important to plant breeders to utilize and to the genebank curators to manage the collection efficiently and effectively. The objective of our study was to describe the phenotypic diversity in the 13342 accessions of groundnut (Arachis hypogaea L.) germplasm contained in the ICRISAT genebank. The germplasm accessions were characteized for 16 morphological descriptors, 10 agronomic traits in two seasons, and for reaction to early leaf spot and groundut rosette virus disease, to determine the phenotypic variation in different geographical regions. The phenotypic variation was found for most traits in all the regions. The means for different agronomic traits differed significantly among regions. The variances for all the traits among regions were heterogeneous. South America which showed 100% range variation for 12 of the 16 morphological descriptors and on average showed highest range variation. The Shannon-Weaver diversity index was variable in different regions for different traits. South America among regions, primary seed colour among morphological traits, and leaflet length among agronomic traits showed highest pooled diversity index. Three of the six botanical varieties, aequatoriana, hirsuta, and peruviana were poorly represented and need to be collected. Principal component analysis (PCA) using 38 traits and clustering on first seven PC scores delineated three regional clusters; consisting North America, Middle East, and East Asia in the first cluster, South America in the second cluster, and West Africa, Europe, Central Africa, South Asia, Oceania, Southern Africa, Eastern Africa, Southeast Asia, Central Asia, and Caribbean in the third cluster.
Introduction
Groundnut is an important oilseed crop cultivated in 96 countries of world with an annual production of 34.52 million t on 23.84 million ha in 2000 (FAO, 2000) . The world productivity of 1.45 t ha −1 is rather low. Of the world production, 68.57% is produced in Asia on 56.32% area and 23.74% in Africa on 38.89% area compared to North and Central America which produces 5.04% on 2.92%. This is because average productivity in Asia (1.76 t ha −1 ) and Africa (0. 88 t ha −1 ) is lower than in the North and Central America (2.53 t ha −1 ). India, the largest groundnut growing country in world with 7.10 million ha (52.89% of Asia, 29.78% of world area) produces only 6.1 million t (25.77% of Asia, 17.67% of world) with average productivity of 0.86 t ha −1 . To enhance groundnut productivity, breeding of groundnut cultivars with high yield potential and resistance to various biotic and abiotic constraints is the main objective in most groundnut improvement programs in the world.
Groundnut improvement has made significant progress in the last two decades resulting in enhanced productivity worldwide. The importance of increased use of genetic resources in enhancing genetic potential of crop, alleviating biotic and abiotic stresses, and broadening genetic base of crop has been very well recognized (Banks, 1976; Hammons, 1976) . The emphasis on preservation of crop germplasm for its use in the crop improvement led to assembling and main-taining a very large number of germplasm collections. At ICRISAT, the genebank contains 14 889 accessions from 93 countries belonging to A. hypogaea subsp. fastigiata var. aequatoriana, fastigiata, peruviana, and vulgaris and subsp. hypogaea var. hypogaea and hirsuta. Of these, 2636 accessions were obtained from 60 collection missions in 26 countries and 12 253 accessions obtained from donations by 60 countries.
The germplasm accessions have been characterized for morphological and agronomic traits. However, the extent of variation in collections from different geographical regions for various traits has not been described. The objective of present research was to describe phenotypic variation found in the ICRISAT groundnut collection from different geographical regions of world and to determine the similarities between regions.
Materials and methods
A total of 13342 accessions originating from 92 countries and contained in the ICRISAT genebank were used for this study. A total of 1547 accessions were excluded from this study-for lack of seed stock or due to lack of information on origin. The accessions consisted of predominantly var. fastigiata (2121, 15.90%), var. vulgaris (4743, 35.55%) and var. hypogaea (6194, 46.42%) . The number of var. peruviana (249, 1.87%), var. aequatoriana (15, 0.11%), and var. hirsuta (20, 0.15%) accessions was very low. The 92 countries were grouped into 14 regions based on geographical proximity, and origin and distribution of groundnut. The regions are North America, South America, Caribbean, Central Asia, East Asia, Middle East, Southeast Asia, South Asia, Central Africa, Eastern Africa, Southern Africa, West Africa, Europe and Oceania. (Table 1) . Data on 16 morphological descriptors, growth habit, stem pigmentation, stem surface, branching pattern, leaflet shape, colour and surface, standard petal colour, colour of markings on standard petal, peg pigmentation, number of seeds per pod, pod beak, constriction and reticulation, seed colour pattern, and primary seed colour were recorded on the plot basis on all the 13 342 accessions (IBPGR & ICRISAT, 1992) . The data on 10 agronomic traits, days to emergence (days from sowing to emergence), leaflet length and width, days to 50% flowering (days from emergence to the stage when 50% plants have begun flowering), pod length and width, shelling percentage, and 100-seed weight, seed length and width were recorded each in the rainy and postrainy seasons. Five competitive plants were selected to record observation on leaflet length and width at 60 days after sowing (DAS) in the rainy season and 75 DAS in the postrainy season, and average value was used. A 200-g mature pod sample was used to estimate shelling percentage. Pod length and width was recorded on 10 mature pods and seed length and width on 10 mature seeds, 100 mature seeds were used to record weight. The reaction of 12 477 accessions to the early leaf spots (ELS) (caused by Cercospora arachidicola Hori) was recorded following (Subrahmanyam et al., 1995) and groundnut rosette virus disease (GRVD) on 12 479 accession was assessed on 1-9 scale (1 = 0-10% diseased plants), 2 (11-21% diseased plants, and 9 (81-100% diseased plants).
Phenotypic proportions of 16 morphological descriptors and reaction to the ELS and GRVD were calculated in each region. The mean, range and variances of all the quantitative traits were calculated for each of the regions. The means of different regions for all traits were compared using the Newman-Keuls procedure (Newman, 1939; Keuls, 1952) . The homogeneity of variances of regions was tested using Levene's test (Levene, 1960) .
The diversity index (H') of Shannon & Weaver (1949) was used as a measure of phenotypic diversity for each trait. The index was estimated for each character over all accessions and for all characters within a region. By pooling various characters across geographical regions, the additive properties of H' were used to evaluate diversity of the regions and characters within populations.
Principal component analysis (PCA) of data was performed. The mean observations of traits for each region were standardized by substracting from each observation the mean value of the character and subsequently dividing by its respective standard deviation. This resulted in standardized values for each trait with average 0 and standard deviation of 1 or less. The standardized values were used to perform principal component analysis (PCA) on Genstat 5 Release 4.1. Cluster analysis (Ward, 1963) was performed using scores of first seven principal components.
Results and discussion
South Asia was represented by the largest number of accessions (3737 accessions, 28.01% of the total) followed by South America (2143, 16.06%) in the (Gregory & Gregory, 1976) and seven secondary centers of diversity are located, contributed only 2143 accessions (16.06%) and was underrepresented. Africa which can be considered a tertiary center of diversity (Stalker & Simpson, 1995) was adequately represented by a total of 4363 accessions (32.70%). China, which along with India, is considered as other important center of diversity was represented by only 214 accessions due to difficulty in collection/acquisition of germplasm. The 16 morphological descriptors showed differences among geographical regions in their distribution and range of variation (Appendix 1). Six morphological descriptors, leaflet shape, leaflet surface, colour of standard petal, colour of markings on standard petal, peg pigmentation, and seed colour pattern were monomorphic in most regions. Most accessions have elliptic leaflet shape, almost glabrous on both surfaces of leaflet, orange colour petal, dark orange markings on standard petal, presence of peg pigmentation, and one primary seed colour in most regions (Appendix 1). The remaining 10 morphological descriptors showed at least two classes. Primary seed colour showed maximum variability with 19 classes however the number of classes differed in different regions. South America had maximum classes (12) for this trait followed by Middle East (11) and North America and Eastern Africa (10). Caribbean, East Asia, Southeast Asia, and West Africa had 7 classes each. Overall, tan seed colour was most prominent in all the regions. More than 80% accessions from Central Asia, Southeast Asia, and Europe have erect growth habit, from North America, East Asia, Middle East, South Asia, Southeast Asia, Southern Africa, West Africa, and Oceania do not have pigmented stem. All the regions except South America and Southern Africa have more than 80% accessions which have sub-glabrous stem surface (Appendix 1).
ELS is one of the most important and widely occurring disease of groundnut (Bunting et al., 1985) . GRVD is a major constraint to groundnut production in sub-Saharan Africa and its offshore islands (Naidu et al., 1999) . Levels of resistance against ELS available in the cultivated species of groundnut are very low and only 1 accession out of 1963 accessions from South America showed a score of 4 on a 1-9 scale. In case of GRVD, 2 accessions from North America (out of 1695), 1 from central Asia (out of 60), 3 from East Asia (out of 364), 13 from South Asia (3630), 6 from Central Africa (397), 13 from Southern Africa (1383), 88 from West Africa (1428) and 1 from Europe (57) showed resistance to disease (Appendix 1). A possible explanation for the occurrence of GRVD resistance in the accessions from the areas where disease has never existed (Reddy, 1991) is that the resistance was present as a constituent trait in the ancestors of groundnut and was only expressed in the new encounter situation. During the course of evolution, as these genes did not possess any survival value in the absence of disease, they may have been altered in the majority of the genotypes.
There were significant differences among regions for means of all 10 agronomic traits in the rainy and postrainy seasons (Table 2) . Accessions from South America (22.98 days) and Caribbean (22.99 days) took the least number of days to 50% flowering in the rainy season and those from Central Asia (34.18 days) took least days in the postrainy season whereas accessions from West Africa took the highest number of days to flowering in the rainy (26.57 days) and postrainy (39.45 days) seasons. The accessions from North America had highest 100-seed weight in both rainy (48.85 g) and postrainy (58.2 g) seasons.
All 14 regions showed 100% range variation of the entire collection for growth habit and stem pigmentation (data not given). South America showed 100% range variation for all the morphological descriptors except stem surface, branching pattern and standard petal colour whereas South Asia showed 100% range variation for all except stem surface, leaflet surface, and number of seeds per pod. On average South America showed 93.85% range variation of entire collection followed by South Asia (92.41%) and North America (88.65%). Only South America for reaction to ELS and nine regions, North America, Central Asia, East Asia, South Asia, Central Africa, Eastern Africa, Southern Africa, West Africa, and Europe for reaction to GRVD showed 100% range variation.
The 10 agronomic traits showed a large range variation in different regions in the rainy and postrainy seasons. South America for pod length and seed length and South Asia for days to 50% flowering, pod width, seed length, and shelling percentage in the rainy season and South America for pod length and width and North America for shelling percentage in the postrainy season showed 100% range variation (data not given). On average South America represented 86.31% range variation of entire collection compared to 83.16% range variation in the South Asia, 77.91% in North America, and 78.24% in West Africa. Caribbean represented only 47.49% range variation. Over all the 16 morphological descriptors, reaction to ELS and GRVD, and 10 agronomic traits in the rainy and postrainy seasons, South America (89.88%), South Asia (86.89%), and North America (82.54%) were three regions which represented more than 80% average range variation (data not given).
The variances were heterogeneous for all the 10 agronomic traits in the rainy (p = 0.0001-0.074) and postrainy (p = 0.0001) seasons (Table 3) . Middle East for five traits and South America and South Asia for three traits each had highest variances. The traits were pod width in the rainy season and shelling percentage and 100-seed weight in the rainy and postrainy seasons for Middle East, pod length in the rainy and postrainy season and seed width in the postrainy season for South America, and leaflet length and width in the rainy and leaflet length in the postrainy season for South Asia (Table 3) .
The Shannon-Weaver diversity index (H') was calculated to compare phenotypic diversity among characters and regions. The index is used as a measure of allelic richness and allelic evenness: a low H' indicates an extremely unbalanced frequency classes for an individual trait and a lack of genetic diversity. Estimates were made for each character and pooled across characters and regions for morphological descriptor traits, reaction to ELS and GRVD, and for agronomic traits in the rainy and postrainy seasons (Table 4) . South America region had highest H' for all the morphological descriptor traits except growth habit, branching pattern, leaflet colour and shape, and pod beak (Table 4) . North America for growth habit, South Asia for branching pattern, Caribbean for leaflet colour, and Central Africa for pod beak had highest H'. South America had highest pooled H' for morphological descriptors (0.336 ± 0.051) and North America for the 10 agronomic traits in the rainy and postrainy seasons (0.608 ± 0.007). Primary seed colour (0.480 ± 0.027) among morphological traits and leaflet length in the rainy season (0.616 ± 0.006) and shelling percentage in the postrainy season (0.620 ± 0.006) among agronomic traits had highest pooled H' (Table 4) . Over all the 38 traits, South America (0.469 ± 0.032) had the highest H' indicating that the diversity for different traits from region consisting of primary and secondary centers of diversity has been conserved in the ICRISAT collection. The PCA was used to provide a reduced dimension model that would indicate measured differences among groups. PC 1, which is first and the most important component accounted for 33.23% of total variation. The second PC accounted for 24.83%, third for the 15.51%, and fourth for the 9.97%. The seventh PC accounted for 2.54% variation. A hierarchical cluster analysis conducted on the first seven PC scores (total variation accounted 95.58%) resulted in three clusters (Figure 1 ). North America Middle East, and East Asia grouped together to form Cluster 1, South America alone formed Cluster 2, and West Africa, Europe, Central Africa, South Asia, Oceania, Southern Africa, Eastern Africa, Southeast Asia, Central Asia, and Caribbean formed Cluster 3. This clustering is not surprising considering the dispersion of groundnut from South America to different parts of world. Most authorities believe that the Portuguese carried two-seeded groundnut varieties from the east coast of South America (Brazil) to Africa, to the Malabar coast of southeastern India and possibly to the far east in the late 15 th century. The Spaniards took 3-seeded Peruvian types (including hirsuta) to Indonesia and China up to Madagascar from the west coast of South America via the western Pacific in the early 16 th century. Groundnut made its way to the North America from Africa as well as from Caribbean islands, Central America, and Mexico and was distributed worldwide by the middle of 16 th century and became an important crop in West Africa, India, China, and USA by the 19 th century. Groundnut at present is cultivated as an important crop in 96 countries of world. The long histories of its cultivation under diverse agroclimatic condition has resulted in accumulation of changes required for adaptation and thus in wide diversity for phenotypic traits in different regions. South America forming of a separate cluster is in accordance with the region's importance in housing the primary center of diversity and all the secondary center of diversity.
The accessions in Cluster 1 were predominantly alternate branching pattern, green leaflet colour, moderate pod beak, constriction, and reticulation whereas in Clusters 2 the accessions were predominantly with sequential branching pattern, light green leaflet, slight pod beak, constriction and reticulation. (data not given). All the three clusters differed significantly for days to 50% flowering, pod length, seed length, 100-seed weight, and shelling percentage in both the rainy and postrainy seasons and leaflet length and seed width in the rainy season (Table 5) . Of the remaining three traits in the rainy season and five traits in the postrainy season, Clusters 1 and 2 did not differ significantly from each other but were significantly different from Cluster 3 for days to emergence in the postrainy season and pod width in both the seasons (Table 5 ).
The geographic regions of origin of ICRISAT groundnut collections indicated significant differences for range of variation for various morphological and agronomic traits. Among the regions, though South America which houses the primary center of diversity and all the seven secondary centers of diversity was under represented in terms of number of accessions (2143, 16.06% of total accessions), contained adequate diversity for the morphological and agronomic traits. This was clearly demonstrated by the highest H' the 12 of 16 morphological descriptors and highest pooled H' over all the descriptors (0.336 ± 0.051) and over all the 38 traits (0.469 ± 0.032) in this region. Africa which is considered a tertiary center of diversity was represented by 4363 (32.70%) accessions (Table 1 ) and all the four regions in Africa, Central, Eastern, Southern, and West showed high diversity for the morphological and agronomic traits (Table 4 ). China seems under represented (214 accessions) due to difficulties in collection and acquisition of germplasm. Botanical varieties wise the collection at ICRISAT is highly skewed and we have only 20 accessions of hirsuta, 15 accessions of aequatoriana, and 249 accessions of peruviana, which together represent only 2.13% of the total collection. Therefore, there is need to explore from both primary and secondary centers of diversity to collect these botanical varieties and conserve useful diversity of crop for utilization in crop improvement programs. 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
